We have studied cardiac function and dynamics in 29 apparently normal children under 20 years of age. Table I lists the values obtained for intracardiac and great vessel pressures. There was no correlation of these pressures with either age or increasing body size. Except for the possibility that our data is inadequate for patients under one week of age, these pressures as well as the ratio between pulmonary artery mean to systemic artery mean (fig. l ) , appear to be constant throughout the pediatric age range. Arterio-venous differences ranged from 28 to 78 ml of 0,/1 of blood. The mean was 44.3 ml/l with a S.D. of 15.0.
Since the introduction of cardiac catheterization in man [6, 101 , numerous reports have appeared in the literature which define the normal range of pressures ant1 flows. Most of these data have been obtained from normal adult volunteers. A more limited amount of information is available concerning normal children [I, 4, 5, 16, 18, 19, 22-24, 261 . Furthermore, the data presented rarely offers all or even most of the parameters of interest. For example, we have been unable to find any measurements of left ventricular enddiastolic pressures in this age group. I t is the purpose of the present comn~unication to present a detailed analysis of normal cardiovascular findings in a group of apparently normal children.
Alrnough surface area is commonly used to compare individuals of varying body size [14] , the data presented in this report fail to support the validity of this usage. The authors advocate the use of regression equations, which involve only easily measured facts regarding the patient.
hfaterials and Methods
During the past 4 ycars, we have studied 25 children under 20 ycars of age who met the following criteria of normality: 1. absence o; cardiovascular symptoms, 2. normal electrocardiogram and thoracic roentgenograms, and 3. right ventricular-pulmonary artery systolic pressure difference of less than 15 m m H g [4] . I n all cases where the pre-catheterization diagnosis included a left-to-right shunt, these were excluded by a sensitive technique, including 10 double catheter sampling techniques and 8 srlective angiocardiograms.
The choice of 15 m m H g in criterion 3 is arbitrary as it is difficult to define a RV-PA systolic pressure difference that will exclude all cases of mild pulmonic stenosis. Above this level, however, we have generally found electrocardiographic rvidcnce of right ventricular hypertrophy.
These children were catheterized for a variety of reasons, including unusual innocent murmurs [13] , idiopathic dilatation of the pulmonary artery [4] , apparent cardiomegaly [5] , pectus excavatum [2] , localized pulmonary sequestration [I] , and mild pulmonic insufficiency without electrocardiographic evidence of right ventricular hypertrophy [I] .
I n addition, three infants who failed to meet criterion 1 or 2 wrre included since adequate catheterization data is rare in this age group. These included two infants with unilateral pulmonary hypoplasia and one infant who was catheterized following spontaneous closure of both a ventricular septa1 defect and a patent ductus arteriosus.
Seventeen older children who failed to meet one or more of these criteria were excluded even though they were considered to have innocent murmurs or idiopathic dilatation of the pulmonary artery.
All patients were catheterized in a supine position. No prernedication was given to infants under one year of age. Children over this age were given a single intramuscular dose of demerol (1 mg/kg), Phcnergan (0.25 mg/kg) and thorazine (0.25 mg/kg).
T h e mid-chest level was selected for the zero pressure level. Statham P23 Dd and P23 G b transducers were used and tracings recorded on a Honeywell ultraviolet oscillograph (Model 1108). All pressure recording systems were calibrated against a mercury manometer at least once during each cardiac cathetcrization. A square-wave step of pressure to 300 mm H g was used to test the system for optimal damping. Prcssure tracings that were obviously overdamped or underdamped were discarded. First derivatives of right and left ventricular pressure (dpldt) were obtained by averaging maximum positive slopes of a t least 5 pressure cycles.
Arterio-venous differences were measured in blood samples withdrawn simultaneously from the main pulmonary artery and a systemic arterial sampling site over a period of approximately 1 minute. Oxygen saturations and arterial blood oxygen-binding capacities were determined by the Van Slyke-Neill method.
Cardiac outputs were calculated from indicator dilution curves employing single, rapid right heart injections of indocyanine green with systemic arterial sampling. T h e Waters XC-250 densitometerl was calibrated by adding known amounts of dye to the subject's arterial blood. Dye concentrations were measured a t 0.5 or 0.1 second intervals using a semi-automatic analog-to-digital converter (Gerber Oscillogram Amplitude Tabulator 2). Cardiac outputs were calculated by the Stewart-Hamilton method using a n IBM 7091 1401 computing system.
T h e numerical values obtained were entered on IBM cards. Ages were converted to decimal fractions and recorded in years to the nearest 0.001. Means, standard deviations and standard errors were calculated by a BMD program [7] . Regression coefficients were calculated by using the BMD stepwise linear regression program.
Published data on 123 normal subjects under 20 years of age was tabulated and used for comparison purposes [I, 4, 5, 16, 18, 19,22-24, The results of these calculations are given in peripheral resistance units (P.R.U.), the units of which are m m Hg/l/min.
Left ventricular stroke work was calculated as stroke volume x mean systemic artery pressure minus left ventricular end-diastolic pressure x 1334+107, the units of which are Newton-meters or joules.
Thickness of the left ventricular wall (W) and AP diameter of the left ventricular cavity (C) were determined by the angiocardiographic method of LEVINE, ROCKOFF and BRAUNWALD [ 1 71. Cineangiocardiography was employed in 7 cases and biplane serial films in 4 cases. The projection distance for cineangiographic films was adjusted so that the thoracic cage silhouette was equal to that obtained on plain teleroentgenographic films. Since our data were limited to only 11 children, measurements reported by HATAM? RUDHE and WALLCREN [12] on seven normal children were included for the regression equation of wall thickness. I n this latter report the average of several LV 
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R V dp/dt . . . . . . . [17] . Table I lists the \,alucs obtaincd for intracardiac and great vcssel prcssurcs, which were generally similar to thosc in the literature [I, 4, 5, 16, 18, 19, [22] [23] [24] 261 .
Reszrlls Presstrres
There was no correlation of these pressures with either agc or inercasing body size. EMMANOUILIDES el al. [8] have shown that the elevated pulmonary artery pressures found after birth decline gradually during the first three days of life, probably reaching normal adult values by about one wcck of age. Our only subject under one week of age had a pulmonary artery pressure of 4214 mm Hg, with a mean of 17 mm Hg.
With the proviso that our data are inadequate under one wcck of age, these pressures as well as the ratio between pulmonary artery mean to systemic artery mean ( fig. I ), may be considered constant throughout the pediatric age range.
Differentiation of pressure curves is dependent on the upper frequency response of both the recording and derivative circuits [9] . Since our method utilized conventional pressure recording techniques which are limited to a maximum of about 20 cps, our values differed from thosc obtained using a faster-responding catheter-tip micromanometer. Table I1 series was nearly twice that of the combined reports. i\t lcast in our hands, this is only a fair indicator of normality sincc our range was so large.
L~f t Ve~/ri(ular Aifensurenletlts
Left ventricular cavity diameters are shown for 11 normal children in figure 3. 4 ).
Although the methods differ slightly the results appear Age in years to be comparable. The two measurements recorded in our youngest subjects are elevated, probably due to the inability to distinguish that area of LV 'wall' occupied by the thymus. The ratio of LV cavity diameter to wall thickness is of value in differentiating various left heart lesions [17] . Our average value of 7.0 ( fig.5 ) was similar to the 8.4 obtained by LEVINE el al. [17] . Table 111 lists thr correlation coefficients for those parameters that varied significantly with age or body size. I n only two instances (cardiac output and stroke volume) was the best correlation obtained with estimated body surface area and even then an equally good correlation was found with height alone. Rody surface area is a redundant parameter since it is in turn derived from a regression equation for height and weight. Therefore, surface area was eliminated from the list of independent variablrs prior to calculation of regression equations. Table IV lists the linear regression constants and regression equation coefficients for those parameters with an R value above 0.70. Calculated systemic, total pulmonary and pulmonary arteriolar resistances were inversely related to age, height, and weight. Therefore, it seemed that non-linear regression formulae employing the inverses of age, height and weight would be more suitable. Table V Separate analyses by sex failed to reveal any consistent differences. Cardiac outputs and other values can be predicted equally well for males or females using the same regression equations. The often quoted differences found between the sexes, when compared on a surface area basis, is probably due to differences in body configuration that are not taken into account by the usual methods for estimating surface area [14] .
Statistical A t~a l y~i~
- Fig.3 . Diameter of left ventricular cavity as measured by the method of LEVINE et al. [17] plotted against age. Fig.4 . Left ventricular wall thickness plotted against age. This figure includes 1 1 subjectsfromour laboratory a t the University of Florida as well as 9 patients from the reference by HATAM et al. [12] . We believe that our inability to distinguish left ventricularwall from thymic tissue accounts for the thicker than expected left ventricular 'wall' in four young patients. Fig.5 . The ratio of the left ventricular cavity to the wall is essentially a constant. Combined with the regression equations for wall and cavity size this is a useful measurement for determining if a n increase in L V size is due to hypertrophy or dilatation. Interest in comparing the physiology of subjects of various sizes requires a method to allow for accurate comparison of normal data. This has been of particular interest in pediatrics, a field where the pertinent range of body size is large, regardless of whether length, weight or body surface area is considered. These latter functions, as well as total body water, lean body mass, and regression equations utilizing one or more of these parameters have been utilized in an attempt to estimate normal physiologic standards.
Previous studies from this laboratory [14] had shown that estimated surface area is not a valid yardstick for comparison of physiologic data. Cardiac output appeared to be an exception, but the data available were considered too limited in surface area range to be conclusive. One purpose of the present study was to gather further information regarding the validity of comparing hemodynamic data on the basis of estimated surface area.
The proposed relationship between cardiac output and body surface has become generally accepted in clinical practice. Evidence of such acceptance is found 
I
In P R U in \.irtually universal reporting of cardiac output in relation to body surfacc arca by cardiac cathcterization laboratories. Indeed thc term 'cardiac index' would secm to imply that this is a satisfactory method for measuring onc aspect of the integrity of the cardiovascular system. I n spitc of common usage, the validity of the cardiac index has been challenged [2, 27, 281 and defended [3, 5, 13 , 291 rcpcatcclly in recent years. 'Thc bcst available surface area estimate, namely the nomogram developed by SENDROY and CI~CCHINI [25] , was applied to our data. Surfacc arca did not offer a significant improvement in predicting normality. Indeed, hcight alone was better in most instances. The omission of surfacc arca did not significantly lower the correlations obtained using thc multiple linear regression mcthod (tablc VI). For these reasons we favor regression equations for estimation of normal data, rathcr thaninvoking thescmi-abstract concept of body surfacc arca. 
hleasuremettl of Vascular Resistance
Thc ratio of mean pulmonary artery pressure to that found in the systemic artery after one wcck of age is rclativcly constant (fig. 1 ). This ratio varied from 9 to 22 ?& with a mean of 15.5 %. O u r youngest subject had a PA:SA ratio of 18 9; a t one day of age, while the highest ratio was found in a five-ycar-old child. Figures 6-8 show that calculated resistances for both systemic and pulmonary circulations fall with increasing age at approximately the same ratc. We believe that this is a consequence of the definition of resistance. \'ascular resistance is commonly considered to be analogous to dircct current resistance. This is a grossly oversimplified analogy [I 51. I t ncglccts, for example, the pulsatile nature of blood flow and the changes in capacity of the vascular bed. r\ more correct analogy would be to alternating current in a finite conductor and hencr use of the term impedance rather than resi\tance [201.
In conventional terms, however, as systemic blood flow increases to accommodate the needs of increasing body size, the denominator of the DC resistance term increases and 'resistance' decreases. Since in the absence of shunts, pulmonary blood flow must parallel the increase in systemic blood [low, pulmonary 'resistance' decreases pari passu.
Systemic resistance and pulmonary artery resistance vary inversely with age, height, or weight. Since resistance gradually decreases, it is difficult to decide where it becomes tangcnt to the x-axis. In other words, when does pulmonary vascular resistance stabilize and reach adult Ic\,els? Since PA: SA pressure and pulmonary artery pressure arc constant after the first week of life, the answer ob\~iously depends on when the cardiac output reaches adult levels. Cardiac output in turn depcnds upon, among other things, body size, which obviously does not reach adult levels until late in childhood. Except for the adolescent years, the rate of growth slows progressively with increasing age. Calculated resistances will perforce decline slowly until about the same age. Thc extrapolation of resistance data to imply that the pulmonary vascular bed does not mature for several years 1191 is misleading.
Twmty-ninc. apparently normal children under 20 years of age were catheterized. There was no correlation of intracardiac and great vessel pressures with either age or increasing body size. In addition to conventional cardiac catheterization data, left ventricular cavity and wall thickness were rccorded for 11 children using angiocardiographic techniques. Correlation coefficicnts were calculatcd for all items of cardiac catheterization data and compared to age, heart rates and measurements of body size. In only two instances (cardiac output and stroke \~olume) was best correlation obtained with body surface area; evcn then a n equally good correlation was found with height alone. Furthermore, body surface area is a redundant parameter since it is in turn deri\.ed from a regression equation for height and weight. The omission of surface area did not significantly lower thecorrelationobtained from the multiple linear rrgrcssion method. 'Thc authors suggest that multiple regression equations be used instead of surface area for assessing normal hemodynamic values.
The use of regression equations implies only that the given variable may be described by addition of constants and coefficients modifying certain easily ascertainable parameters for the patient. Non-linear regression equations are handled in a n analogous manner. Thus predicted systemic resistance for this same child would be given by the following formula :
Predicted systemic resistance = 366.6 - 
